Abstract and Summary.-Amino acid starvation of "stringent RNA control" (RCWtr) strains of Escherichia coli (E. coli) results in the cessation of net protein and net RNA synthesis, whereas "relaxed RNA control" (RCrel) strains continue net RINTA synthesis under the same conditions of amino acid starvation. This report tests further the hypothesis that net RNA synthesis is markedly reduced during amino acid starvation of RCstr strains as a result of reduction in the supply of substrates of the RNA polymerase. Bacterial ribonucleoside triphosphate pool levels were measured before and after the arrest of protein synthesis in RCstr and RCrel strains. Protein synthesis was inhibited either by addition of trimethoprim to the medium or by the use of a mutant having a temperature-sensitive valyl-tRNA synthetase. The ribonucleoside triphosphate pool levels do not decline significantly during inhibition of protein synthesis in RCstr strains under either condition, and there is no apparent correlation between the measured pool levels and the residual rate of net RNA synthesis in RCstr and RCrel strains. Thus, these data argue against the hypothesis that the regulation of RNA synthesis is mediated by the availability of substrates of the RNA polymerase.
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Strains of E. coli of RCrel phenotype continue net synthesis of RNA when protein synthesis is prevented by amino acid starvation, whereas strains of RCstr phenotype stop net synthesis of RNA under the same conditions.' Recent studies have led Gallant and Cashel to propose that the arrest of net RNA synthesis in RCstr strains is the result of an amino acid regulation of ribonucleoside triphosphate biosynthesis.2' I They suggest that, upon amino acid starvation, there arises a deficiency in the supply of RNA precursor nucleotides such as ATP, CTP, GTP, or UTPt and hence of substrates of the RNA polymerase. They further propose that net RNA synthesis continues in amino acid-starved RCrel strains because here the ribonucleoside triphosphates continue to be supplied in adequate amounts. Thus, these authors propose a regulation of RNA synthesis at the level of substrates of the RNA polymerase.
This proposal, however, is difficult to reconcile with earlier measurements4 of the nucleoside triphosphate pools of exponentially growing and of amino acidstarved RCstr and RCrel bacteria. These measurements failed to show any dramatic reduction in the nucleoside triphosphate pools during amino acid starvation and indicated that the cessation of net RNA synthesis in RCstr strains is unlikely to be the result of depletion of substrates of the RNA polymerase. Because of the complex metabolic interrelationships that may exist between the biosynthesis of amino acids and of other cellular components, such as purines and pyrimidines, it is difficult to interpret in an unambiguous manner results obtained by direct starvation for an essential amino acid. In an attempt to obviate these difficulties of interpretation and to test further the possibility that the rate of net RNA synthesis is regulated by the supply of substrates of the RNA polymerase, the nucleoside triphosphate pools have been measured in a pair of isogenic RCstr and RCrel E. coli strains under two conditions which result in the expression of the "stringent" or "relaxed" phenotype without direct starvation for a required amino acid.
The first such condition is achieved by the addition to the growth medium of trimethoprim, an inhibitor of N-formyltetrahydrofolate synthesis.' Since this latter compound is the source of the formyl group in N-formylmethionine, the ultimate result of the addition of trimethoprim is the inhibition of protein synthesis by prevention of polypeptide chain initiation.' It has been demonstrated that, after the addition of trimethoprim, RCstr strains stop and RCrel strains continue their net RNA synthesis.7
The second such condition is achieved by the maintenance at the restrictive temperature of strains of E. coli having a temperature-sensitive valyl-tRNA synthetase. In such strains, protein synthesis is arrested upon shifting the bacterial culture from the permissive temperature (300C) to the restrictive temperature (420C). Following such a temperature shift, RCstr strains stop and RCrel strains continue their net RNA synthesis. This report presents the results of measurements of bacterial nucleotide pools under these two conditions. These results lend additional support to the earlier conclusion that the cause of the stop of net RNA synthesis in amino acid-starved RCstr strains is not a limitation of the substrates of the RNA polymerase.
Materials and Methods.-Strains CP78 and CP79 are isogenic RCstr and RCrel strains of E. coli requiring arginine, leucine, histidine, threonine, and thiamine for growth and have been described.4, 8 Strain 1OB6 requires thymine and has a temperature-sensitive valyl-tRNA synthetase. This strain and the thymine-requiring parent strain D2 were generously provided by S. Kaplan for this study. RCstr and RCrel strains derived from strain 1OB6 were constructed by phage P1 transduction, as previously described. 9 The basic medium was a minimal Tris-glucose solution containing 10-3 M P043-. For experiments with trimethoprim, the minimal medium was supplemented with 40 ug/ml arginine, leucine, histidine, and threonine; 2 iug/ml thiamine; and 25 jig/ml adenine, guanine, cytosine, uracil, and thymine. In experiments with strain 1OB6 or D2 the minimal medium was supplemented with 0.1% vitamin-free casamino acids plus 20 jug/ml tryptophan. Trimethoprim was a gift from Burroughs Wellcome and Co., Tuckahoe, N.Y.
The rate of protein and RNA synthesis was measured in exponentially growing and starved cultures by the incorporation of 3H-threonine and 14C-uracil into material insoluble in trichloroacetic acid (TCA). Bacterial nucleotide pools were measured as follows:
An overnight culture was diluted 1:100 into fresh medium containing [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ,c/ml 32P043-.
The bacteria were grown for about four generations to a density of 1-2 X 108 cells/ml.
At various times prior to and after addition of trimethoprim or shift to 420C, 5-ml portions of the culture were removed and quickly filtered through Millipore filters (0.45 ,t).
The bacteria collected on the filters were immediately submerged in 5 ml iced 5% TCA and allowed to remain at 4VC for 1 hr. The TCA solutions were centrifuged and the supernatant was collected. The TCA was removed from the supernatant by ten extractions with an equal volume of cold ether. A measured volume of the final aqueous solution was frozen, lyophilized, and resuspended in 0.1 ml of water. At several steps of the extraction, recovery of radioactivity was measured. Final recovery of total 32p counts was always greater than 85% of the initial 32pcounts. Fifteen ,ul of each sample was then spotted on 1% polyethyleneimine-cellulose plates for two-dimensional chromatography, as previously described.4 Eight ribo-and deoxyribonucleoside triphosphates were resolved and identified by UY absorption of added marker nucleotides and by autoradiography. The radioactive spots were cut out, glued to planchets, and counted in a NuclearChicago gas flow counter. All counts per minute have been converted to miAmoles of each nucleotide per 5 X 108 bacteria on the basis of the known culture density and specific radioactivity of the medium. In the experiment in which the uptake of 14C-uracil into the UTP and CTP pools was measured, samples were treated as described above and the uracil and cytosine nucleotides were separated by one-dimensional chromatography.4
Results.- Figure 1 presents the results of an experiment in which trimethoprim was added to RCstr and RCrel bacterial cultures and in which net RNA synthesis was followed by incorporation of '4C-uracil. As can be seen, these results confirm the previous demonstration that the blockage of protein synthesis by trimethoprim also blocks net RNA synthesis in the RCstr strain while permitting net RNA synthesis to continue in the RCrel strain. ' Figures 2 and 3 present the levels of the ribonucleoside and deoxyribonucleoside triphosphate pools in the bacteria just prior to and after addition of trimethoprim. A logarithmic scale has been used for the ordinate of these and subsequent graphs of pool data in order to emphasize relative rather than absolute changes in pool sizes. Several inferences can be made from these data. First, in both strains the pool of thymidine 5'-triphosphate (TTP) falls rapidly to about half the Cultures of each strain were grown at 370C in the presence of 8 jig/ml uracil to a density of 2 X 108 cells/ml. At zero time '4C-uracil (0.02 juc/ml) was added. Samples were removed at various times and diluted into twice their volume iced 10% TCA. At 25 min, trimethoprim was added to a portion of the culture to a final concentration of 50 jg/ml. The bacteria of each sample were collected on Millipore filters, washed twice with iced 5% TCA and once with iced H20, dried, and counted in a Packard liquid scintillation system (a-4, control; O-O, 50 jig/ml trimethoprim added). In these cultures the rate of protein synthesis was also measured by following incorporation of 3H-threonine, and in each case protein synthesis was reduced to a few per cent of the control after addition of trimethoprim. level measured prior to addition of trimethoprim (Fig. 3) . Since the 5-methyl group of thymine is derived at least in part from formate, the drop in the level of TTP is consistent with the proposed action of trimethoprim in inhibiting the synthesis of N-formyl-tetrahydrofolate. Second, in both strains the CTP and UTP pools decrease after addition of trimethoprim, possibly reflecting a more general effect of the drug on pyrimidine biosynthesis. In any case, the decrease in CTP and UTP pools cannot be responsible for the arrest of net RNA synthesis in the RCstr strain, since the same decrease is found in the RCrel strain. Third, neither the ATP nor GTP pools have decreased measurably up to 30 minutes after addition of trimethoprim in the RCstr strain, long after the rate of net RNA synthesis has fallen to an unmeasurable level. During that same time, these pools have risen in the RCre" strain. Thus, it follows that it is unlikely that the marked difference in the net rate of RNA synthesis in the two strains is to be accounted for by differential changes in availability of RNA polymerase substrates.
It should be noted that if trimethoprim is added to bacteria growing in a medium which, unlike the medium used in the preceding experiment, is not supplemented with purines and pyrimidines, then the results are somewhat different from those reported in Figures 2 and 3 . First, in the absence of external purines and pyrimidines the nucleoside triphosphate pools of exponentially growing cultures are three to four times greater than in their presence. Second, addition of trimethoprim to an RCstr strain growing in the absence of added purines or pyrimidines causes no measurable change in the ribonucleoside triphosphate pools for the first ten minutes. Within the next ten minutes, however, all the triphosphate pools drop to about half their initial levels. This later decrease might reflect a general reduction in the biosynthesis of purines and pyrimidines caused by trimethoprim. Figure 4 shows the rate of RNA and protein synthesis before and after a shift of RCstr and RCrel strains carrying the temperature-sensitive valyl-tRNA synthetase from the permissive temperature of 30'C to the restrictive temperature of 420C. In confirmation of previous observations,'0 it can be seen that the rate of RNA synthesis is reduced immediately in the RCstr strain following the tempera- to a density of 2 X 108 cells/ml. At zero time, the following additions were made to each culture: 8 jsg/ml uracil, 0.02 pc/mi -4Curacil, and 0.05 jsc/ml 3H-threonine. Samples were removed at various times and diluted into twice their volume of iced 10% TCA and treated as described in legend to Fig. 1 . Thirty minutes after the addition of radioactivity, each culture was shifted to a water bath at 420C, and the incubation and sampling were continued. VOL. 62, 1969 479 ture shift, whereas the net rate of RNA synthesis in the RCrel strain is only slightly affected. Protein synthesis stops abruptly in both strains about five minutes after the shift to the restrictive temperature. Figure 5 presents the levels of the ribonucleoside triphosphate pools in the RCstr and RCrel strains before and after a shift from 300 to 420C. It can be seen that, following the shift to 420C in both the RCstr and RCrel strains, the pools of CTP, UTP, and GTP show only minor fluctuations. The only marked difference observed in the behavior of these strains at 420C is a significant increase in the ATP pool in the RCrel strain, while in the RCstr strain the ATP pool remains at -Ribonucleoside triphosphate pools in RC1tr and RCrel temperaturesensitive valyl-tRNA synthetase strains after shift from 300 to 420C. Two samples were taken prior to shifting the culture to 420C and one sample at each time thereafter. The data represent the average of two experiments; so the zero point is the average of four determinations and each of the other points is the average of two determinations. a constant level for 30 minutes. For comparison, the ribonucleoside triphosphate pools in the parent strain D2 (normal valyl-tRNA synthetase) were also measured. These measurements, which are not reported in detail, showed that its ribonucleoside triphosphate pools increase slightly (10-30%) after a shift from 30°to 420C and gradually return to the preshift levels. Thus, comparison of the behavior of the nucleoside triphosphate pools in RCstr and RCrel strains after temperature inactivation of the temperature-sensitive valyl-tRNA synthetase shows that it is unlikely that cessation of net RNA synthesis at the restrictive temperature in the RCtr strain is the consequence of a depletion of a substrate of the RNA polymerase.
It was previously reported4 that during amino acid starvation, 4 X 108 cells/ml. The cultures were shifted to 420C and 1 pg/ml uracil was added to expand the pool prior to addition of radioactivity. Three minutes after the shift, 14Curacil was added to give a final concentration of 3 pug/ml uracil and 1 pc/ml 4"-uracil.
shows the uptake of "4C-uracil into the UTP and CTP pools in these strains at 420C. It The results in Table 1 are in qualitative agreement with those reported by Nierlich'1 in that they show a reduced uptake and phosphorylation of uracil in the temperature-sensitive valyl-tRNA RCstr strain at the restrictive temperature. Thus, this result is compatible with the suggestion of Cashel and Gallant3 that reduction of general phosphorylation is a consequence of amino acid starvation of an RCstr strain. However, Figure 5 demonstrates that the endogenous nucleo-side triphosphate pool levels do not decrease, suggesting that the rate of phosphorylation of nucleotides is at least equal to the rate of incorporation of these nucleotides into stable RNA.
Note added in proof: The experiments with the temperature-sensitive strains 1OB6 RCsS and 1OB6 RCrel have been repeated by extracting the nucleotide pools in 0.4 M perchloric acid. 12 The results obtained by use of this method agree with the results reported here, which were obtained by extracting with 0.3 M TCA.
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